The private life of environmental bacteria: pollutant biodegradation at the single cell level by Nikel, Pablo I. et al.
1 
 
 1 
The private life of environmental bacteria:  2 
pollutant biodegradation at the single cell level 3 
 4 
 by  5 
 6 
Pablo I. Nikel, Rafael Silva-Rocha†, Ilaria Benedetti, and Víctor de Lorenzo* 7 
 8 
Systems and Synthetic Biology Program, Centro Nacional de Biotecnología (CNB-CSIC), 9 
Madrid 28049, Spain 10 
 11 
 12 
 13 
Running Title:  Phenotypic diversification of environmental bacteria 14 
Keywords:  Stochastic process, Pseudomonas putida, TOL plasmid, biodegradation,  15 
   transcriptional regulation, flow cytometry, Raman spectroscopy 16 
 17 
† Current address: FMRP - University of São Paulo, Ribeirao Preto, SP, Brazil. 18 
 19 
 20 
_____________________________________________________________________________ 21 
 22 
* Corresponding author:  V. de Lorenzo 23 
    Systems and Synthetic Biology Program 24 
    Centro Nacional de Biotecnología (CNB-CSIC) 25 
    Darwin 3, Campus de Cantoblanco 26 
    Madrid 28049, Spain 27 
    Phone: +34 91 585 4536 28 
    Fax: +34 91 585 4506 29 
    E-mail: vdlorenzo@cnb.csic.es 30 
_____________________________________________________________________________ 31 
2 
 
Where the whole man is involved there is  1 
no work. Work begins with the division of labor. 2 
H. Marshall McLuhan (1911-1980) 3 
 4 
Summary 5 
 6 
Bacteria display considerable cell-to-cell heterogeneity in a number of genetic and physiological traits. 7 
Stochastic differences in regulatory patterns (e.g., at the transcriptional level) propagate into the 8 
metabolic and physiological status of otherwise isogenic cells, which ultimately results in appearance of 9 
sub-populations within the community. As new technologies emerge and because novel single cell 10 
strategies are constantly being refined, our knowledge on microbial individuality is in burgeoning and 11 
constant expansion. These approaches encompass not only molecular biology tools (e.g., fluorescent-12 
protein based reporters) but also a suite of sophisticated, non-invasive technologies to gain insight into 13 
the metabolic state of individual cells. Defining the role of individual heterogeneities is thus instrumental 14 
for the population-level understanding of macroscopic processes, in both environmental and industrial 15 
setups. The present article reviews the state-of-the-art methodologies for the investigation of single 16 
bacteria at both the genetic and metabolic level, and places the application of currently available tools 17 
in the context of microbial ecology and environmental microbiology. As a case example, we examine 18 
the stochastic and multi-stable behaviour of the TOL-encoded pathway of Pseudomonas putida mt-2 for 19 
the biodegradation of aromatic compounds. Bet-hedging strategies and division of labour are 20 
considered as factors pushing forward the evolution of environmental microorganisms. 21 
 22 
23 
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Introduction: genotypic versus phenotypic diversification 1 
 2 
Naturally occurring bacteria most often exist in populations where spontaneous mutation(s), coupled 3 
with different types of selection pressure and environmental changes, can result in rapid genetic 4 
diversification (Rainey and Travisano, 1998). In particular, exploration of new niches via bet-hedging 5 
mechanisms (Seger and Brockman, 1987) usually facilitates adaptation to local environmental 6 
discontinuities (Veening et al., 2008a,b; Beaumont et al., 2009). However, alternative traits can be 7 
simultaneously manifested via different fractions of genetically identical populations, thereby originating 8 
phenotypic (rather than genotypic) bifurcations. Increasing evidence suggests that the capacity of 9 
generating phenotypically diverse individuals (and not only mutants) constitutes an important 10 
evolutionary strategy for enduring changing environments (Rainey et al., 2011). Stochastic, regulatory, 11 
epigenetic, and mutational changes (which usually overlap in timing and frequency) can contribute to 12 
the overall population fitness, sometimes at the cost of cellular robustness (Levy and Siegal, 2012; 13 
Ryall et al., 2012). Programmed phenotypic bifurcations and specialisations have been known in 14 
bacteria for a long time; e.g., in the developmental program of Bacillus subtilis (Hadden and Nester, 15 
1968) or the expression of fimbriae in Escherichia coli (Ott and Hacker, 1991). More recently, metabolic 16 
heterogeneity of individual cells in E. coli growing e.g. on glucose has been documented as well  17 
(Ackermann, 2013; Nikolic et al., 2013). However, this matter is not only a mere academic curiosity. 18 
Cases of phenotypic variation have been found to have serious consequences in clinical settings; e.g., 19 
in the occurrence of antibiotic-resistant persister bacteria (Moyed and Bertrand, 1983; Balaban et al., 20 
2004). By the same token, clonal microorganisms used in bioreactors as catalysts for specific 21 
biotransformations often diversify into non-productive types, the origin of which is difficult to ascertain 22 
(Gross et al., 2010; Delvigne and Goffin, 2013). Finally, whether environmental bacteria capable of 23 
degrading chemical pollutants do so via population-wide expression of cognate catabolic genes or 24 
through a more sophisticated division of metabolic labour has consequences for engineering sound 25 
bioremediation strategies. Because these features are born by individual cells, their detection is often 26 
obscured by the standard population-level measurements of gene expression (Lidstrom and Konopka, 27 
2010), particularly in laboratory setups. This makes the availability of appropriate tools for single cell 28 
analysis (both genetic and biochemical) crucial for revealing the phenomena and understanding their 29 
molecular basis. In this context, we address below the issue of genetic and phenotypic (specially 30 
metabolic) heterogeneity in environmental bacteria. To this end, the most recent technical 31 
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developments and molecular biology tools available for investigating these traits in single cells are 1 
discussed. Some relevant examples using these strategies are presented for illustrating the full 2 
potential of the different techniques that are currently available. Finally, the stochastic expression of the 3 
xyl genes of the catabolic TOL plasmid of Pseudomonas putida mt-2 for m-xylene biodegradation is 4 
discussed as an exemplary transcriptional circuit that brings forth a bi-modal regulatory regime under 5 
specific nutritional and environmental conditions. 6 
 7 
Noise, bi-modality, and bi-stability 8 
 9 
Since the early observations by Novick and Weiner (1957) on the variable lactose utilisation phenotype 10 
of E. coli (a phenomenon already hinted at in the seminal study by Monod et al., 1952), it has become 11 
increasingly evident that not all cells of a clonal population display their activities in a homogeneous 12 
fashion. On the contrary, the output signal of a given system shows a typical Gaussian distribution 13 
when the population is examined at the individual cell level (Fig. 1A). Virtually every promoter is 14 
subjected to stochastic fluctuations caused by both intrinsic and extrinsic molecular noise (Silva-Rocha 15 
and de Lorenzo, 2010). These two types of noise may be experimentally exposed and analysed by 16 
studying signals originating from the same promoter when fused to two different reporters (e.g., 17 
fluorescent proteins; see Fig. 1B). Under some circumstances (e.g., as caused by the dearth of one 18 
limiting component of the transcription initiation machinery), stochasticity originates as a bi-modal 19 
behaviour in which, upon the appearance of a given signal, the transcriptional state of a specific 20 
regulatory device splits into two phenotypically different cell types (Fig. 1C): one where the expression 21 
adopts an ON state and another where the same bacteria takes an OFF value for the same promoter. If 22 
these states are maintained even after the trigger input is gone, then the expression device qualifies as 23 
a bi-stable system. This indicates that once a transcriptional regime is reached, it will be maintained 24 
after the disappearance of the actual signal, which elicited the bifurcation of the ON and OFF states. 25 
Stochasticity is thus connected to bi-modality, and bi-modality is a requisite for bi-stability. These terms 26 
are therefore somehow related, but not synonymous –a somewhat frequent confusion found in the 27 
relevant literature [an enlightening discussion on the issue can be found in the reviews by Smits et al. 28 
(2006) and Veening et al. (2008b)]. In some particular systems, activation of the target promoter is 29 
ultra-cooperative, where small changes in the concentrations of the signalling molecule (i.e., the inducer 30 
or the regulator of the system) generate a big change in promoter activity (Fig. 1D). In this scenario, 31 
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stochastic fluctuations on these components can determine a rapid switch of the cells from the OFF to 1 
the ON state or vice versa, generating a bi-modal regime. Since such ultra-cooperativity does not 2 
generate multi-stable states, the dynamics of the system in this case is fully reversible, and the fate of 3 
the population is dependent only on the concentration of the signal molecule, independently of the 4 
previous state of the cell (i.e., whether the cells were on the ON or OFF state before the change in the 5 
concentration of the signal). In contrast, for systems that display multi-stability (Fig. 1E), the history of 6 
the cells plays an important role on the transition dynamics when the trigger input changes. In any case, 7 
and as shown in Fig. 1F, bi-stability may be formalised as a hysteresis cycle in which the route from 8 
OFF à ON upon exposure of the system to increasing intensities of an input signal is different in the 9 
reverse trajectory (i.e., ON à OFF). 10 
 11 
The simplest regulatory architectures that translate stochasticity into phenotypic bi-stability include [i] 12 
the positive auto-regulation of expression of a transcriptional activator and [ii] the mutual inhibition 13 
between two transcriptional repressors [for a review on the subject see Dubnau and Losick (2006)]. A 14 
number of bacterial genetic regulatory networks (GRNs) that control diverse phenotypic and metabolic 15 
programs provide good examples of such bi-stability phenomena. As previously mentioned, the 16 
competence system of B. subtilis (Maamar and Dubnau, 2005; Cağatay et al., 2009) is one of most 17 
exemplary cases in this sense, because the activation of only part of the cells under the appropriate 18 
environmental conditions determines the fate of the population as a whole (Dubnau and Losick, 2006). 19 
Other archetypal cases of this sort include the lac and ara systems of E. coli, which also subject to a bi-20 
modal pattern of expression. In either case, bi-stability arises from a feedback interaction mediated by 21 
the transporters for lactose or arabinose (Khlebnikov et al., 2001; Ozbudak et al., 2004). In these 22 
instances, when the cells are exposed to the cognate inducer, the stochastic activation of some 23 
promoters mediates the expression of corresponding catabolic pathways and transporters, the latter 24 
being responsible for a rapid influx of more inducer from the medium. Such a situation, in turn, 25 
generates a positive feedback that stimulates the high-level activation of promoters only in those cells 26 
where the first stochastic activation occurred. The final outcome of such process is that the bacterial 27 
population splits into inactive and active cells, the transition rate being dependent on the extracellular 28 
concentration of the inducer (Khlebnikov et al., 2001; Ozbudak et al., 2004). Importantly, in these 29 
cases, the positive feedback loops that caused bi-stability were not only mediated by a transcription 30 
factor (TF) that activates its own expression, but also by a transporter that internalises its inducer 31 
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(Kaern et al., 2005). Phenotypic bi-stability is thus a common occurrence among bacterial populations. 1 
Moreover, as new tools for individual cell analysis emerge, novel mechanisms underlying these 2 
phenomena are increasingly being exposed (Young et al., 2011). Within this framework, in the next 3 
sections we provide a short account of the genetic tools that are currently available for resolving the 4 
properties and transcriptional activities in individual bacterial cells. Considering the importance of 5 
fluorescence reporters in the approaches currently used to analyse these issues, we place the focus on 6 
the utilisation of fluorescent proteins in the context of time-lapse microscopy and multi-parameter flow 7 
cytometry (FC) as relevant high-throughput technologies for the assessment and quantification of gene 8 
expression in single cells.  9 
 10 
Exposing transcriptional fluctuations in single cells 11 
 12 
The genetic toolbox: plasmids and transposons carrying reporters 13 
 14 
Reporter gene fusions are essential tools for the investigation of gene regulation and in exposing the 15 
stochastic nature of some GRNs. These fusions [involving the promoter(s) of interest and reporter 16 
gene(s) that deliver an optical output] have been used to explore the regulatory elements that control 17 
gene expression (Zaslaver et al., 2006; de las Heras et al., 2010). A variety of reporter genes is 18 
currently available to study gene expression, with those encoding β-galactosidase and luciferase being 19 
the most frequently used as enzyme reporters, and green fluorescent protein (GFP) being used for 20 
multiple applications in living cells as a non-invasive marker. The products of the lux genes and lacZ 21 
have, however, some inherent limitations due to the need of indirect measurements (Ghim et al., 2010), 22 
or a strong dependence on the metabolic state of the cells (Meighen, 1991; Waidmann et al., 2011). 23 
However, fluorescent proteins offer the advantage that they not need any specific substrate to be 24 
activated and are useful descriptors to monitor stochastic processes at the single cell level (Chalfie et 25 
al., 1994; Suárez et al., 1997; Cox et al., 2010; Young et al., 2011). 26 
 27 
The generation of reporter gene fusions conventionally involves either the cloning and fusion of 28 
regulatory elements to a reporter gene or random mutagenesis with transposons harbouring the 29 
reporter gene followed by identification of the fusions of interest. The latter approach is not targeted, but 30 
results in the generation of useful single-copy reporter fusions in the native chromosomal context 31 
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(Martínez-García et al., 2011). A number of different systems based on either plasmids (i.e., multi-copy) 1 
or transposons (i.e., single copy) vectors is currently available; these elements are normally used as a 2 
platform to deliver transcriptional fusions that usually include a regulatory element (i.e., a promoter) as 3 
the input, and a reporter gene (e.g., gfp or another gene encoding a fluorescent protein) as the element 4 
providing the output signal (Schweizer, 2001; Guido et al., 2006; Cox et al., 2010; van der Meer and 5 
Belkin, 2010; Benedetti et al., 2012).  6 
 7 
Another approach for analysing cellular heterogeneity is based on the utilisation of transposon vectors 8 
to produce single insertions of the reporter systems into the chromosome of target bacteria (de Lorenzo 9 
et al., 1990; Choi and Kim, 2009; de Las Heras et al., 2012; Damron et al., 2013). The obvious 10 
advantage of these systems is that they avoid variability and any other detrimental effect caused by 11 
multi-copy vectors (Cox et al., 2007). The vectors used most often for such endeavours in Gram-12 
negative bacteria are based on the well-known mini-Tn5, mini-Tn10, and mini-Tn7 transposons. These 13 
elements yield single insertions into the chromosome, either randomly (in the case of Tn5 and Tn10) 14 
(de Lorenzo et al., 1990; Reznikoff, 1993; Marsch-Moreno et al., 1998; Choi and Kim, 2009), or in a 15 
specific insertion site (in the case of Tn7; Peters and Craig, 2001a,b; Schweizer, 2001; Choi et al., 16 
2005; Choi and Schweizer, 2006). In our laboratory, we have engineered several multi-purpose mini-17 
transposon vectors based on mini-Tn5 (de Lorenzo et al., 1990; Martínez-García et al., 2011; Nikel and 18 
de Lorenzo, 2012), some mini-Tn10 versions with different reporters combinations (Silva-Rocha and de 19 
Lorenzo, 2012a,b,c), and a mini-Tn7 element equipped with different GFP variants (Benedetti and de 20 
Lorenzo, in preparation). 21 
 22 
When two different promoter-less reporter genes are combined in tandem as a bi-cistronic operon, the 23 
assessment of transcriptional activity can be simultaneously inspected in individual cells (i.e., through 24 
the use of a fluorescent protein) and in the whole bacterial population (i.e., through the activity of Lux or 25 
LacZ). A number of genetic tools have been developed aslo to specifically facilitate the construction of 26 
dual transcriptional fusions to study promoter activity in prokaryotic cells (Unge et al., 1999). We have 27 
recently designed inter alia a dual reporter system optimised for promoter probing and parameterisation 28 
in Gram-negative bacteria, encompassing gfp and luxCDABE in tandem (Benedetti et al., 2012). Such 29 
reporter system is borne by two synthetic and modular pSEVA vectors (Silva-Rocha et al., 2012), and it 30 
bears an extended set of unique restriction sites to facilitate the cloning of a broad variety of promoters 31 
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or other regulatory components. An equivalent genetic tool for generating mono-copy transcriptional 1 
fusions to a bi-cistronic gfp-lacZ reporter operon has also been developed based on the same 2 
principles (Silva-Rocha and de Lorenzo, 2012a). 3 
 4 
Time-lapse microscopy 5 
 6 
Tracing the manifestation of a given phenotype of individual cells in time and space has been most 7 
instrumental to understand bi-stability phenomena. One of the first and most useful methodologies to 8 
end is time-lapse microscopy (Rosenfeld et al., 2005; Meyer and Dworkin, 2007; Landecker, 2009; 9 
Locke and Elowitz, 2009), which combines quantitative image analysis and fluorescent protein reporters 10 
for direct inspection and analysis of individual cells over time. In a remarkable case, Ackermann et al. 11 
(2003) adopted this approach for understanding how lineage and history can affect cell-to-cell variability 12 
in the ageing and senescence of Caulobacter crescentus. Along the line, automated lineage tracking of 13 
individual cells along several generations revealed that even an apparently symmetrically-dividing 14 
microorganism such as E. coli does age (Stewart et al., 2005). By using GFP fusions, the same time-15 
lapse microscopy has exposed genes whose transcription results in high levels of phenotypic noise e.g 16 
in Salmonella (Freed et al., 2008). In this case flagellar genes turned out to be the most noisy, thereby 17 
implying a possible role of phenotypic noise in pathogenesis. The range of applications of such 18 
microscopy can be empowered by other techniques that also allow for the separation of individual cells 19 
away from the entire population, as described in the following sections. 20 
 21 
Multi-parameter flow cytometry 22 
 23 
The utilisation of fluorescent reporters followed by direct single cell measurement of activity via 24 
microscopy or FC methods allows for the evaluation of population heterogeneity (Brehm-Stecher and 25 
Johnson, 2004; Czechowska et al., 2008; Bergquist et al., 2009; Davey, 2011). Specifically, the 26 
analysis of a large number of cells in suspension is readily accomplished by applying FC (Shapiro, 27 
2005). This technology offers the opportunity for multi-parameter analysis of several thousands of cells 28 
per second and a real-time quantification of cells in the form of a electronic signal as the particles pass 29 
an excitation source, which confers information regarding their size, complexity, and of course, 30 
fluorescence. Within the last few years, FC has assumed a crucial importance for the characterisation 31 
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of regulatory networks that define genetic heterogeneity and variability between individual cells (Unge 1 
et al., 1999; Brehm-Stecher and Johnson, 2004; Ishii et al., 2010; da Silva et al., 2012). In a typical FC 2 
study, an isogenic population bearing a transcriptional fusion of a given promoter to gfp (i.e., a 3 
fluorescent reporter) could appear either as a unique distribution (usually represented as histograms or 4 
two-dimensional dot plots (Bergquist et al., 2009), or split in two (or more) sub-populations (bi-modal 5 
distribution). In the first case (i.e., uni-modal distribution), the promoter shows a typical ON/OFF state, 6 
while in the second example, the presence of different intensities of GFP within the same population 7 
reveals that the promoter at stake can be activated at different time frames, thereby generating 8 
heterogeneity at the single cell level. Most recent applications of FC have shown that this approach is 9 
indispensable in describing how a biological system is subject to fluctuations that determine its 10 
physiological state. However, in addition to the investigation of its transcriptional regulatory patterns, 11 
how can these phenotypes be examined in single cells?  12 
 13 
Phenotypes exposed: available methodologies to interrogate metabolism in 14 
individual cells 15 
 16 
While the molecular toolbox enumerated above is important in formulating and testing hypotheses on 17 
stochasticity at the transcriptional level of regulation, metabolic individuality, related to the stochastic 18 
nature of biochemical processes, clearly falls beyond the reach of such analyses. In some cases, 19 
cellular processes themselves imprint this individuality, but distinct phenotypes may well arise from the 20 
random distribution of cytoplasmic components at cell division. These phenotypic characteristics are far 21 
more elusive to ascertain than the transcriptional pattern from which they stem, particularly because 22 
transcriptional signals are often not a good predictor for actual metabolic activities. The first relevant 23 
question in this sense pertains to ascertain whether the metabolic state in individual cells differs across 24 
an isogenic population, and several tools have been devised to undertake this task (Musat et al., 2012). 25 
The simplest (and somewhat overlooked) methodological approach to achieve this end is the use of 26 
dyes that respond to the metabolic state of the cells (e.g., fluorogenic redox indicators), which in 27 
combination with FC and fluorescence microscopy, have been used to study metabolic activity in situ in 28 
methylotroph populations (Kalyuzhnaya et al., 2008). More sophisticated technologies are currently 29 
available to isolate and further examine the metabolism of single bacterial cells, as explained below. 30 
Although the methodologies discussed in this review focus on those more relevant for environmental 31 
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microbiology, technical improvements aimed at the study of metabolic individuality, especially in 1 
eukaryotic cells, are constantly under way (Heinemann and Zenobi, 2011). Some interesting 2 
developments in this sense include highly-sensitive mass spectrometry protocols for analysing 3 
metabolites directly from single cells without any previous fractionation (Amantonico et al., 2008; Ibáñez 4 
et al., 2013). In other cases, 13C-labelling of metabolites is used in combination with high-density micro-5 
arrays for mass spectrometry, enabling e.g. the exploration of ATP metabolism in single 6 
Saccharomyces cerevisiae cells (Urban et al., 2011). 7 
 8 
Select (and grow) what you need: laser and Raman tweezers and microfluidic devices  9 
 10 
FC has an inherently associated drawback to explore cell individuality: it is largely dependent on the 11 
use of exogenous fluorescent dyes for the specific labelling of biomolecules to extract biochemical 12 
information from the microorganism. However, non-invasive, fluorescence-independent techniques 13 
have rapidly emerged within the last few years (Ashok and Dholakia, 2012). These enable the 14 
manipulation of small particles (typically bacteria, but even single molecules), and allow for the 15 
measurement of precise traction forces (up to 10-13 N). Laser (optical) tweezers, for example, are a 16 
three-dimensional light trap based on the tight focus of a laser beam with a high-numerical aperture 17 
objective lens. A dielectric particle with a higher refractive index than its surroundings (e.g., a 18 
bacterium) will withstand a resultant force pointing at the focus due to momentum transfer; thus, small 19 
particles near the focus can be captured by the array. Due to the non-contact control of the individual 20 
particles, this technology has been successfully applied to study mechanical properties of single cells 21 
without cell damage. Using the same rationale, Raman tweezers have been used to identify and sort 22 
bacterial cells with minimal (if any) manipulation. Raman scattering results from the inelastic interaction 23 
of light with molecules, and the spectral signal it produces corresponds to vibrations in chemical bonds. 24 
Because these interactions are non-destructive, Raman micro-spectroscopy provides an intrinsic and 25 
valuable profile of the components within a cell without the requirement of external labelling. The 26 
technical setup for Raman tweezers often uses a monochromatic laser as the light source and 27 
appropriate microscope objective lenses to acquire the signals from a small surface. The same laser 28 
beam is normally used to create an optical trap, enabling the manipulation (and separation) of the 29 
individual cell being probed. 30 
 31 
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Most of the experiments involving tweezers originally made use of cell suspensions in the µl-to-ml 1 
volume range. Evidently, this is a low-throughput configuration, which is impractical for sampling many 2 
cells in a population simultaneously. Experiments monitoring cellular dynamics using these systems 3 
have difficulty in precisely controlling the local environment surrounding the cell both temporally and 4 
spatially. However, micro-fabricated fluidic devices are increasingly improving the efficiency with which 5 
cells can be delivered directly to a trap for Raman analysis. Using microfluidics, chemicals can also be 6 
more precisely delivered at specific times to the cell, e.g., for time-dependent Raman studies. The 7 
functional integration of Lab-on-a-chip devices, which hold bacteria static in a reservoir, and techniques 8 
for analysing and sorting individual cells into different regions, or those introducing different buffer 9 
solutions and reagents to the cells, have been elegantly demonstrated in several studies up to the 10 
picolitre level (Ericsson et al., 2000; Enger et al., 2004; Walter et al., 2011; Chan, 2013; Fritzsch et al., 11 
2013). These techniques have also been combined with atomic force microscopy to separate, identify, 12 
and analyse individual microbial cells (Dorobantu and Gray, 2010; Dorobantu et al., 2012). 13 
 14 
Microbial metabolism examined in individual cells: Raman micro-spectroscopy and secondary ion mass 15 
spectrometry 16 
 17 
As previously suggested, Raman micro-spectroscopy is a non-invasive and label-free technology for 18 
the biochemical analysis of individual cells, which provides information on the chemical core of the cell 19 
(e.g., nucleic acids, protein, carbohydrates, and lipids). Thus, a Raman spectrum functions as an 20 
unequivocal molecular fingerprint of microorganisms, enabling the differentiation of cell types, 21 
physiological states, nutrient condition, and variable phenotypes. If cells are fed with 13C-substrates, the 22 
Raman spectra in these bacteria are predicted to exhibit a characteristic shift in some peaks (e.g., 23 
those of phenylalanine and protein bands), which permits to analyse the uptake and incorporation of 24 
labelled substrates at the single cell level without the need for cultivation, and it also allows to separate 25 
them from the rest of the microbial population (Huang et al., 2007a,b; 2009a). These authors further 26 
illustrated the application of this type of analysis by separating, cultivating, and amplifying DNA using 27 
polymerase chain reaction in single P. fluorescens cells. An attractive (and certainly welcome) aspect of 28 
this technique, when combined with stable isotope probing, fluorescent in situ hybridisation, and optical 29 
tweezers, is that it provides a culture-independent approach to study non-culturable microorganisms 30 
within an ecosystem (Huang et al., 2009b; Krupke et al., 2013). Moreover, confocal Raman micro-31 
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spectroscopy has been recently used to quantify metabolic activities in individual Protochlamydia 1 
amoebophila cells in different developmental stages by means of the pattern of 13C-phenylalanine 2 
incorporation (Haider et al., 2010), thus reflecting the relevance of this technique in the assessment of 3 
microbial phenotypic heterogeneities. 4 
 5 
Secondary ion mass spectrometry (SIMS, also known as ion micro-probing) is an ultra-sensitive mass 6 
spectrometric methodology for the determination of elemental, isotopic, and molecular composition of a 7 
solid sample surface. This technique relies on the release of secondary particles (either atoms or 8 
molecules, depending on the mode SIMS is operated) from the cell surface by means of a high-energy 9 
ion beam held in vacuo. The bacteria of interest are labelled with substrates containing 13C and/or 15N 10 
to facilitate their discrimination (specifically in a complex matrix sample) and, in some cases, the cells 11 
are also probed using iodised oligonucleotides targeting ribosomal RNA (Li et al., 2008). The released 12 
particles can be either neutral or charged, where the latter are extracted and concentrated from the 13 
sputtering area using an electric field. The secondary ions are then focused using an extraction lens, 14 
and the generated secondary ion beam is analysed using mass spectrometry. Dynamic SIMS uses a 15 
continuous ion beam (typically Cs+) at a high dose to ensure that incident ions outnumber the surface 16 
atoms of this sample. Under these conditions, most surface molecules in the sample are completely 17 
fragmented, and, as a consequence, the surface itself erodes rapidly, permitting an in-depth analysis of 18 
the sample composition. Static SIMS, in contrast, uses short-pulsed, low-dosed ion beams (typically O-, 19 
O2-, O2+, Ga+, C60+, Aun+, or Bin+), and the secondary ions are assessed using a time-of-flight mass 20 
analyser. SIMS analysis has also been coupled to fluorescence in situ hybridisation for a number of 21 
purposes (Musat et al., 2012). The information collected from these operations allows for a detailed 22 
analysis of the metabolic features in single microorganisms, which is a fascinating feature that could not 23 
have been imagined hitherto. A useful account of the many applications of Raman micro-spectroscopy 24 
and SIMS, together with other microbial frontline ecology techniques, has been published by Wagner 25 
(2009). 26 
 27 
The TOL plasmid-encoded biodegradation pathway for aromatic substrates in 28 
Pseudomonas putida mt-2 as a multi-task metabolic system 29 
 30 
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Examples of techniques that enable the interrogation of single cells both at the transcriptional and 1 
metabolic level in a variety of model bacterial species abound in the primary literature. However, little is 2 
known on the phenotypic fluctuations in environmental bacteria. Among them, P. putida excels primus 3 
inter pares as a model catalytic microorganism, with a large potential for both environmental and 4 
industrial applications (Timmis, 2002; Nikel, 2012; Poblete-Castro et al., 2012; Chavarría et al., 2013). 5 
In particular, the strain mt-2 of P. putida hosts the pWW0-encoded TOL regulatory network, which is 6 
involved in the biodegradation of aromatic compounds such as toluene and m-xylene [Fig. 2; Ramos et 7 
al. (1997)]. In the following sections, we present some mechanistic insights of the TOL network and we 8 
discuss their implication for the single cell behaviour observed in this system (Silva-Rocha and de 9 
Lorenzo, 2012a). 10 
 11 
The TOL transcriptional landscape: an entangled network integrating multiple environmental cues into a 12 
limited number of phenotypes  13 
 14 
The TOL network has been extensively studied in the past three decades, and it is perhaps the best 15 
characterised model of a transcriptional curcuit resulting in a biodegradation phenotype (Ramos et al., 16 
1997). An intricate regulatory program is responsible for the integration of a number of environmental 17 
and physiological signals to coordinate the expression of the cognate genes (Silva-Rocha and de 18 
Lorenzo, 2012a,b). The TOL system encompasses two catabolic operons that encode all the enzymes 19 
necessary for the complete mineralisation of toluene and m-xylene (Ramos et al., 1997), as well as two 20 
further genes (xylR and xylS), encoding the transcriptional factors required for the timely activation of 21 
the two catabolic operons. XylR activates genes belonging to the upper operon in response to 22 
toluene/m-xylene, which is metabolised via the action of the cognate enzymes to generate benzoate/3-23 
methylbenzoate, respectively (Inouye et al., 1987). XylS then triggers the activation of the meta operon 24 
in response to these metabolites, and the meta enzymes convert these compounds into intermediates 25 
of the central metabolism (Franklin et al., 1981; Spooner et al., 1986). In addition, XylR triggers the 26 
expression of xylS via activation of the Ps1 promoter (Inouye et al., 1987). These hierarchical 27 
interactions, collectively known as a metabolic amplifier motif, play a crucial role in the network 28 
dynamics during the biodegradation of aromatic compounds (Silva-Rocha et al., 2011), which might 29 
also hold true for other biodegradation pathways for xenobiotic compounds. 30 
 31 
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Despite of the apparent simplicity in the genetic organisation of the TOL system elements, the activity of 1 
the promoters responsible for the expression of the individual components display a remarkable 2 
complexity (Fig. 3). First, single promoters are located upstream of the corresponding operons (i.e., Pu 3 
for the upper pathway, and Pm for the meta pathway), whereas double (i.e., tandem) promoters are 4 
responsible for the expression of the corresponding regulatory genes (Pr1 and Pr2 for xylR, and Ps1 5 
and Ps2 for xylS). One of the most surprising feature of this arrangement is the high number of 6 
environmental signals integrated by the activity of these promoters, such as the presence of different 7 
carbon sources, temperature, and the metabolic status of the cell, among other factors (Silva-Rocha 8 
and de Lorenzo, 2012b). Post-transcriptional regulation is also important for the tight control of the TOL 9 
network (Moreno et al., 2010; Silva-Rocha et al., 2013). As a result of this extensive pattern of signal(s) 10 
integration, the full expression of the relevant genes, and consequently, the desired phenotype(s), is 11 
expected to occur only when a very limited number of conditions are met. 12 
 13 
While the regulatory interactions governing the transcriptional activity of the TOL system have been 14 
extensively investigated in the past, only recently has the network been inspected at the single cell 15 
level. Using a mono-copy chromosomal insertion of a gfp-based transcriptional fusion in P. putida 16 
(Silva-Rocha and de Lorenzo, 2012c), we observed that all the three inducible promoters of the system 17 
(i.e., Pu, Ps, and Pm) presented a bi-modal activation profile in which part of the cells became fully 18 
induced while the remaining members within the population remained inactive. Fig. 4A depicts the 19 
typical expression profile observed for the Pu promoter when cells are exposed to m-xylene during 20 
exponential growth. One open question in this regard involves the mechanism responsible for this bi-21 
modal activation mode because none of the classical networks structures responsible for bi-stability/bi-22 
modal activation (Kaern et al., 2005; Dubnau and Losick, 2006) have been recognised in the TOL 23 
system thus far. An indication of the missing control switch comes from evidence that phenotypic 24 
bifurcations were only observed in cells growing exponentially, but the divergence disappeared as the 25 
cells transitioned into the stationary phase (Fig. 4B; Silva-Rocha and de Lorenzo, 2012a). It is plausible 26 
that the growth-dependent expression of some of the molecular components that act on the regulatory 27 
circuit (e.g., IHF, RpoN, Crc, and XylR) cause strong stochastic effects that propagate into the entire 28 
TOL network. However, the precise mechanism underlying the observed bi-modal behaviour is 29 
currently unknown. This type of transcriptional analysis at the single cell level was further extended to 30 
elements belonging to both the upper and meta pathways encoded in the TOL plasmid by tagging P. 31 
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putida mt-2 cells with PuàGFP and PmàmCherry transcriptional fusions. The results of such an 1 
analysis, when the tagged strains are exposed to m-xylene, are shown in Fig. 5. The differential activity 2 
of promoters that drive either the upper or meta pathway in the same cells prompts the question of why 3 
bacteria deploy dissimilar levels of their respective complement of xyl genes, a phenomenon that can 4 
be ascribed to metabolic specialisation (see next section). 5 
 6 
Single cell phenotypic variation: a social strategy for efficient biodegradation? 7 
 8 
Regardless of the molecular mechanism underlying the bi-modal activation of the TOL network, this 9 
conspicuous feature exposes new angles on how the system could have evolved into the current 10 
biodegradation pathway. One plausible scenario involves the metabolic specialisation of P. putida cells 11 
during the biodegradation of aromatic substrates. The metabolic diversification of clonal cells to run 12 
different segments of a given catabolic pathway may be energetically more advantageous as compared 13 
to having all of the cells of the population simultaneously devoted to all parts of the same pathway. This 14 
is likely to result in a metabolic division of labour: at any moment in time, only a fraction of the 15 
population may provide a common good for the rest of its members [i.e., the upper TOL pathway 16 
resulting in diffusible benzoate or 3-methylbenzoate (Franklin et al., 1981; Silva-Rocha and de Lorenzo, 17 
2013)], thereby benefiting the kin bacterial neighbours (Fig. 6). In this respect, it is intriguing that the 18 
upper part of the TOL route runs reactions from which cells get no individual physiological benefit – 19 
neither as reducing equivalents, nor ATP, nor biomass building blocks (Figs. 2 and 6). Instead, they 20 
generate a metabolic intermediate that does diffuse into the medium and can be used by cells in the 21 
vicinity of the bacteria producing it (Silva-Rocha and de Lorenzo, 2013). Further research is needed to 22 
decide whether this asymmetric expenditure/gain of energy and metabolic intermediates is just a casual 23 
occurrence or an intrinsic feature of biodegradative routes split in upper and lower pathways (Williams 24 
and Sayers, 1994; Tropel and van der Meer, 2004), which in turn would lead to interesting social 25 
phenomena. It is tempting to speculate that, by engaging part of the population in an energy-26 
demanding process (i.e., bacteria running the upper pathway) while the remaining members take full 27 
advantage from the metabolic intermediates produced (i.e., bacteria running the meta pathway), the 28 
entire community would balance the cost-to-benefit ratio of using a difficult-to-degrade xenobiotic 29 
compound. Within the same frame, formation of toxic intermediates and/or reactive oxygen species 30 
(ROS) during the biodegradation of some xenobiotic compounds, such as 2,4-dinitrotoluene (Pérez-31 
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Pantoja et al., 2013), is expected to have a lower negative impact in the population as a whole if only 1 
part of the bacterial community runs the reactions generating ROS. Thus, it does not come as a 2 
surprise that biodegradation of 2,4-dinitrotoluene by species of the genus Burkholderia depends on a 3 
complex sequence of biochemical reactions encompassing an upper and a lower pathway for complete 4 
mineralisation of the nitroaromatic (Johnson and Spain, 2003). 5 
 6 
Another paradigmatic example of division of labour related to biodegradation processes (in this case, 7 
encompassing different microorganisms) is provided by the organised consortia that form in upflow 8 
anaerobic sludge blanket reactors. These are the most widely used form of high-rate bioreactors for 9 
anaerobic biological wastewater treatment, enabling the biodegradation of various organic substances 10 
to CH4 and/or CO2. Different types of bacteria carry out the sequential steps in the biodegradation 11 
process thus converting complex substrates (often xenobiotics) into biodegradable molecules (Schmidt 12 
and Ahring, 1996). In particular, different subsets of the entire bacterial population mediate [i] hydrolysis 13 
of biological polymers to small molecules, [ii] fermentation of small molecules to H2, CO2, CH3COOH, 14 
and short-chain volatile fatty acids (e.g., propionate and butyrate), [iii] oxidation of these volatile fatty 15 
acids to CH3COOH and H2/CO2, and [iv] conversion of acetate, H2, and CO2 to CH4 (often by 16 
aceticlastic methanogens). As it seems to be the case for the TOL biodegradation pathway borne by P. 17 
putida mt-2, the general principle behind division of labour in these bacterial consortia would be the 18 
ability to access nutritional resources and/or ecological niches that require a critical mass and cannot 19 
effectively be utilised by isolated cells (Shapiro, 1998). One way or the other, and by considering all 20 
these examples together, it becomes clear that bacteria act far more efficiently by dividing tasks co-21 
ordinately among the members of a population –whether mono-species or multi-species than they could 22 
as uniformly behaving agents. 23 
 24 
One likely occurrence related to the phenomena just discussed would be the emergence of cheaters 25 
and metabolic parasites, i.e., cells of the same strain or of different species that benefit from the 26 
common good available in the environment without producing it (Velicer et al., 2006; Manhes and 27 
Velicer, 2011; Celiker and Gore, 2012). Evolutionary theory establishes that the emergence of such 28 
cheaters must be under more or less continuous check or the population will altogether collapse 29 
(Venturi et al., 2010; Sánchez and Gore, 2013). How the regulatory blueprint of biodegradation 30 
pathways deal with optimizing population-wise catabolism while avoiding cheaters is certainly an issue 31 
17 
 
worth to study. Things become more complex if, on top of this, one considers the tri-dimensional 1 
organization of a metabolically diversify-able population, e.g., in a mono-species or in a multi-species 2 
biofilm (Hansen et al., 2007). As individual cell types rarely metabolise a wide range of substrates within 3 
their natural environment, metabolic specialisation of different cell types to degrade only particular 4 
subsets of the available substrates could be a relevant trait in the assembly of bacterial communities 5 
(as hinted at above). These are all fascinating aspects that will hopefully be addressed with some of the 6 
genetic and biochemical tools for single cells discussed early. Still, whether bi-modality/bi-stability is a 7 
general phenomenon in biodegradation pathways other than the TOL system remains an open and 8 
exciting question for future studies. 9 
 10 
Concluding remarks 11 
 12 
Because the emergence of new techniques that allow for the examination of individualities at the single 13 
cell level, we can now investigate the sociology of bacterial populations when engaged in a complex 14 
metabolic task (e.g., pollutant biodegradation), which have considerable biotechnological interest. In 15 
fact, the actual consequences of cell heterogeneity in bioprocesses are just starting to be fully 16 
appreciated (Delvigne and Goffin, 2013). On the other hand, it is tempting to speculate on the 17 
evolutionary aspects of the potential division of labour in clonal bacterial residents of a given 18 
environmental niche. In general, bacteria seem to evolve as a result of group selection, instead of the 19 
adaptation of individual cells with advantageous genotypes/phenotypes (Grafen, 1999). The generation 20 
of variability in genetically clonal populations thus resembles qualities of multi-cellular behaviour (Hallet, 21 
2001). Haccou and Iwasa (1995) argued that stochastic strategies do not maximise the long-term 22 
success of individuals; instead, it seems that phenotypic diversification forms part of an evolutionary 23 
long-term strategy that enables the success of whole populations. Within this framework, the division of 24 
labour within a population could be a relevant strategy for the evolution of biodegradation pathways in 25 
environmental bacteria, resulting in a population-level benefit when cells face difficult-to-degrade 26 
substrates that might be toxic for individual cells. This state of affairs, and its likely generalisation, calls 27 
for the adoption of conceptual and analytic tools imported from other disciplines (e.g., sociology and 28 
economy) to determine the apparently inexplicable regulatory phenomena often found in environmental 29 
bacteria (Silva-Rocha et al., 2013). 30 
 31 
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 FIGURES 1 
 2 
Figure 1. Noise and single cell behaviour of gene regulatory networks.  3 
 4 
 5 
 6 
(A) The existence of noise in biochemical processes results in cell-to-cell variability within an isogenic 7 
population in terms of gene expression levels. The total population is usually distributed along the 8 
different levels of the output response (e.g., fluorescence intensity) according to a Gaussian curve. The 9 
level of noise in the output response (noise strength) can be calculated as the ratio between the 10 
variance of the distribution (W, horizontal dashed arrow) and the mean expression value (H, vertical 11 
dashed arrow; see Ozbudak et al., 2004). 12 
(B) Intrinsic and extrinsic noise in gene expression. When considering two copies of the same promoter 13 
fused to two different reporter genes in the same cell [e.g., the yellow fluorescent protein (YFP) and 14 
cyan fluorescent protein (CFP)], the extrinsic noise is due to cell-to-cell variations that affect both 15 
systems in a similar manner (Elowitz et al., 2002). However, the intrinsic noise is related to the 16 
stochasticity of the biochemical reactions occurring in the same cell.  17 
29 
 
(C) Bi-modal expression of a particular promoter in a population. In a bi-modal regulatory system, the 1 
population splits into two sub-populations with different expression levels, reflected here in the output 2 
signal (e.g., fluorescence units) in the x-axis.  3 
(D) An ultra-sensitive system that can account for bi-modality. In such an ultra-sensitive system, small 4 
changes in the trigger signal can generate a large change in the promoter activity (Narula et al., 2012). 5 
Stochastic fluctuations in the levels of the trigger signal at concentrations close the to switch point 6 
(indicated in the plot with a blue dashed line), which may push the system toward either the ON or OFF 7 
state, resulting in a bi-modal expression profile.  8 
(E) A bi-stable system, which is indistinguishable from a bi-modal regimen (see panel C). In this case, 9 
the existence of subpopulations indicates the existence of multi-stable states, and cells move toward 10 
each stable state due to stochastic fluctuations on the components of the system (Ozbudak et al., 11 
2004).  12 
(F) Hysteresis cycle for a bi-stable genetic network. As shown in the graph, the transition of the system 13 
from OFF to ON (i.e., left to right) entails a different path from the ON state to the OFF state (i.e., right 14 
to left). The blue shaded region in the graph represents the range of concentrations of the input signal 15 
where the multi-stable states exist. 16 
 17 
18 
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Figure 2. Schematic representation of the relevant elements of the pWW0 TOL plasmid for the 1 
biodegradation of aromatic substrates in Pseudomonas putida mt-2. 2 
 3 
 4 
 5 
 6 
The organisation of the upper and meta catabolic operons is shown with the structural and regulatory 7 
genes that they encode, and the action of the TOL-encoded biodegradation enzymes is illustrated on 8 
toluene, which is the aromatic carbon substrate par excellence for this system. The relevant promoters 9 
controlling the expression of the genes are depicted below the operon scheme. Further processing of 10 
pyruvate and acetyl-coenzyme A, which are products that stem from the aromatic substrate being 11 
catabolised, within the central catabolic pathways is indicated by the wide shaded arrow. The genetic 12 
elements in this outline are not drawn to scale, and some biochemical transformations are groups into a 13 
single reaction for clarity. 14 
 15 
16 
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Figure 3. Regulatory layout of the TOL transcriptional network. 1 
 2 
 3 
 4 
This circuit represents most of the currently known regulatory interactions (both biochemically 5 
demonstrated and those partially characterised) that occur within the TOL system. The itinerary of m-6 
xylene processing to 3-methylbenzoate (through the action of the upper pathway) to finally yield central 7 
metabolic intermediates (through the action of the meta enzymes) is schematically depicted by the 8 
dashed arrow. The XylR and XylS specific transcription factors, which are depicted as red circles, 9 
represent the presence of m-xylene and 3-methylbenzoate, respectively, which activate the 10 
corresponding catabolic operons. The legend in the bottom-left part of the figure summarises the 11 
different types of elements shown in this outline along with their relevant interactions. The signals are 12 
integrated at either the transcriptional or the translational levels as indicated. 13 
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Figure 4. Single cell expression profile of the Pu promoter. 1 
 2 
 3 
 4 
Pseudomonas putida mt-2 cells bearing a chromosomally-integrated Puàgfp transcriptional fusion 5 
were induced with m-xylene at a final concentration of 1 mM during (A) exponential growth or (B) after 6 
the cells transitioned into the stationary phase. In both cases, cells were harvested and analysed using 7 
flow cytometry. The plots represent the normalised frequency of GFP fluorescence distribution (in 8 
arbitrary units, A.U.) calculated from at least 15,000 individual cells. The signal in non-induced cells is 9 
represented by grey bars, whereas the different levels of transcriptional induction of Pu are indicated 10 
with blue bars. Note that the bacteria split into two distinct sub-populations when exposed to m-xylene 11 
during exponential growth. Data redrawn from from Silva-Rocha and de Lorenzo (2012a). 12 
13 
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Figure 5. Visualisation of diverse transcriptional regimes of the TOL system in Pseudomonas putida 1 
mt-2 exposed to m-xylene. 2 
 3 
 4 
 5 
Pseudomonas putida mt-2 cells bearing chromosomally integrated Puàgfp and PmàmCherry 6 
transcriptional fusions were used to monitor the transcriptional activity of genes belonging to either the 7 
upper or meta pathways, respectively. Cells were exposed to m-xylene at a final concentration of 1 mM 8 
for 3 h, and a parallel culture was grown without any inducer (Nil) and was used as a control. In both 9 
cases, the cells were harvested and analysed using fluorescence microscopy with the appropriate filters 10 
to visualise GFP and mCherry. The last column shows a composite picture of the merged individual 11 
fluorescence signals. 12 
 13 
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Figure 6. Plausible social phenomena related to the architecture of the TOL regulatory system of P. 1 
putida mt-2.  2 
 3 
 4 
 5 
As shown on top, the metabolic result of the upper pathway is an intermediate (benzoate or 3-6 
methylbenzoate), which diffuses out the producing cells and can be captured and used by others near 7 
the emitting bacteria (Silva-Rocha and de Lorenzo, 2013). The first biochemical block of the route (m-8 
xylene to 3-methylbenzoate) does not create any individual benefit to the cells that execute the 9 
corresponding reactions. This is sharp in contrast with the second part of the TOL pathway (i.e., the 10 
meta route), which oxidises the carboxylic acid to its corresponding catechol, that undergoes meta 11 
fission to produce a semi-aldehyde. The semi-aldehyde intermediate is further transformed into 12 
products (i.e., pyruvate plus aldehydes) that are finally catabolised by chromosomally-encoded 13 
enzymes into metabolites of the tricarboxylic acid cycle. 14 
